Electrical Detection of Light Helicity using a Quantum Dots based Hybrid
  Device at Zero Magnetic Field by Cadiz, Fabian et al.
  
 
 
 
 
 
Electrical Detection of Light Helicity using a Quantum Dots based 
Hybrid Device at Zero Magnetic Field 
 
 
F. Cadiz a, D. Lagarde a, B. Tao b, J. Frougier c , B. Xu d, H. Jaffrès c,   
Z. Wang d, X. Han e, J. M. George c, H. Carrerea, A. Balocchia,  
T. Amand a, X. Marie a, B. Urbaszek a, Y. Lu b and P. Renucci a 
 
a Université de Toulouse, INSA-CNRS-UPS, LPCNO, 135 Av. Rangueil, 31077 Toulouse, France  
  b Institut Jean Lamour, UMR 7198, CNRS- Nancy Université, BP 239, 54506 Vandoeuvre, France 
   c Unité Mixte de Physique CNRS/Thales and Université Paris-Sud 11, 1 Avenue Augustin Fresnel,   
    91767 Palaiseau, France  
  d Key Laboratory of Semiconductor Materials Science, Institute of Semiconductors, Chinese   
    Academy of Sciences, P. O. Box 912, Beijing 100083, China 
  e Beijing National Laboratory of Condensed Matter Physics, Institute of Physics, Chinese Academy    
    of Sciences, Beijing 100190, China 
 
ABSTRACT   
  Photon helicity-dependent photocurrent is measured at zero magnetic field on a device based on an 
ensemble of InGaAs/GaAs quantum dots that are embedded into a GaAs-based p-i-n diode. Our main 
goal is to take advantage of the long electron spin relaxation time expected in these nano-objects. In 
these experiments, no external magnetic field is required thanks to the use of an ultrathin magnetic 
CoFeB/MgO electrode, presenting perpendicular magnetic anisotropy (PMA). We observe a clear 
asymmetry of the photocurrent measured under respective right and left polarized light that follows 
the hysteresis of the magnetic layer. The amplitude of this asymmetry at zero magnetic field decreases 
with increasing temperatures and can be controlled with the bias. Polarization-resolved 
photoluminescence is detected in parallel while the device is operated as a photodetector. This 
demonstrates the multifunctional capabilities of the device and gives valuable insights into the spin 
relaxation of the electrons in the quantum dots. 
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1. INTRODUCTION  
   Intense investigations have been led on spin injection and spin properties in semiconductors in the 
last twenty years, in view of developing opto-spintronics devices [1]–[3] offering new functionalities 
based on the electron spin degree of freedom. In particular, spin Light Emitting Diodes (Spin-LED) 
containing ensembles of quantum dots [4]–[10], where spin polarized electrons are electrically 
injected, could be of particular importance for quantum information processing  [11] (an electron spin 
  
 
 
 
 
confined in a semiconductor quantum dot can be used as a quantum bit) and quantum cryptography 
[12].  An efficient way to realize electrical spin injection into the dots consists in injecting spin-
polarized electrons from a ferromagnetic injector via a tunnel barrier [13], [14]   (e.g. an oxide barrier 
like MgO [15]–[22]) ; this allows to overcome the problem of conductivity mismatch between the 
metal and the semiconductor [23], [24].  Recently, results of spin injection processes, with electron 
spin aligned along the growth axis Oz of the device, was reported in quantum wells and quantum dots 
without any external magnetic field (that was previously required to rotate the magnetization of the 
electrode along Oz). This breakthrough was realized thanks to the use of an ultrathin CoFeB(/MgO) 
injector characterized by a strong perpendicular magnetic anisotropy (or PMA) [10], [18], [22].   
Conversely, spin-optronics detectors or spin-photodiodes, for which the amplitude of the 
photocurrent depends on the helicity of the detected photon and on the direction of the magnetization 
of the ferromagnetic electrode, may be of interest for optical telecommunications based on photon 
polarization [25]. This new generation of devices could be also very useful for memory-based devices 
with an optical reading of information stored in the ferromagnetic layer. Several works have been 
published dealing with such helicity sensitive detectors based on metal-oxide-semiconductor (MOS) 
junctions [26]–[29] or Spin-LEDs used under reversed bias (through the paper, we define the 
qualification reversed bias with respect to the p-i-n junction, and not relative to the magnetic tunnel 
injector and ferromagnetic metallic electrode) [30]. The key issues to obtain an efficient helicity 
detector are: (i) an electron spin relaxation time in the semiconductor part long enough such that the 
spin is maintained until the carrier crosses the tunnel barrier before to be collected by the ferromagnetic 
electrode, (ii) the ability to work at zero magnetic field for a realistic device. Up to now, most of the 
studies have been performed using external magnetic fields of the order of 1 Tesla [27], [28], [30] to 
align the magnetization of the electrode along the growth direction of the structure, in order to obey 
the  condition imposed by the optical selection rules in the semiconductor [31]. Among these studies, 
a few of them were realized at zero external magnetic field using PMA injectors [32] or in-plane 
injectors [33]–[35] under oblique incidence angle. (iii) and also important, the existence of a carrier 
recombination channel [30], [36] that is competitive with the extraction channel from the 
semiconductor to the ferromagnetic electrode, in order to get an helicity asymmetry of the photocurrent 
under circularly polarized light in continuous-wave (CW) experiments.       
    In this paper we propose to use p-doped quantum dots embedded in the active region of the detector 
in order to take benefit from the long electron spin relaxation time expected in such nano-objects [37] 
, coupled with an ultrathin CoFeB magnetic electrode presenting PMA [38] to fulfill both (i), (ii) and 
(iii) requirements. Using such a hybrid system, we observe an asymmetry of photocurrent under right 
and left circularly polarized light (of about 0.4% at low temperature) that follows the hysteresis cycle 
of the magnetic layer. To the best of our knowledge, this is the first report of a spin detector based on 
semiconductor quantum dots. The photocurrent asymmetry amplitude decreases for increasing 
temperatures and can be controlled by the bias.  Moreover, as emphasized in this paper, polarization-
resolved photoluminescence is detected in parallel while the device is operated as a photodetector. 
This simultaneous measurement of both polarized photocurrent and photoluminescence give new 
insights into electron spin relaxation inside the dots when the bias is varied.   
 
2. SAMPLE AND EXPERIMNTAL SET-UP 
   The schematics of the Spin-LED structure is displayed in Fig.1(a). The p-i-n LED device grown by 
MBE contains three planes of InGaAs quantum dots embedded in the intrinsic region. The full 
  
 
 
 
 
sequence of the semi-conductor structure is the following: p+-GaAs:Zn (001) substrate (p = 3 × 1018 
cm−3 )/ 300 nm p-GaAs:Be (p = 5 × 1018 cm−3)/ 400 nm p-Al0.3 Ga 0.7As:Be (p = 5 × 10
17 − 5 × 1018 
cm−3)/3*[30 nm undoped /7ML InGaAs QD (Be delta doping)]/ 30 nm undoped GaAs/ 50 nm n-
GaAs:Si (n = 1016 cm−3). The LED surface is passivated with arsenic in the semiconductor MBE 
chamber and then transferred through air into a second MBE-sputtering interconnected system. The 
As capping layer is firstly desorbed at 300◦C in the MBE chamber and then the sample was transferred 
through ultra-high vacuum to a sputtering chamber to grow the MgO layer of thickness 2.5 nm. Finally, 
the 1.1 nm Co0.4 Fe0.4 B0.2 spin injector and 5 nm Ta protection layer are deposited by sputtering in 
both cases. Concerning device fabrication, 300 μm diameter circular mesas were then processed using 
standard UV photolithography and etching techniques. Finally, the processed wafers were cut into 
small pieces to perform rapid temperature annealing (RTA) at 300◦C for 3 minutes. Detailed growth 
conditions can be found elsewhere [18]. 
     The sample was kept in a vibration-free closed-cycle He cryostat equipped with a superconducting 
coil enabling to apply magnetic fields up to ±2 T normal to the sample plane. The photocurrent 
measurements were performed under CW excitation with 850 nm and 910 nm wavelengths provided 
by laser diodes focused onto the sample with a typical spot diameter of 3 μm. The helicity of the laser 
diode is modulated by a photoelastic modulator (PEM) at 50 kHz. The difference between the two 
photocurrents under circularly right and left polarized light is labelled ∆Iph. ∆Iph is measured thanks to 
a trans-impedance amplifier (gain 105) followed by a lock-in amplifier. The bias applied to the 
structure is provided by a source-meter that also measures the average photocurrent Iph. The positive 
bias corresponds to inject electrons from the metal part to the semiconductor part. The laser power is 
kept below 20 µW to stay in the linear regime. An original point of our set-up is that the 
photoluminescence (PL) can be detected at the same time as the photocurrent (see Fig. 1 (a)).  The PL 
was detected in the Faraday geometry with an aspheric lens (f = 8mm, NA= 0.5). The collected light 
was dispersed by a spectrometer and recorded by a cooled CCD-camera. For electroluminescence (EL) 
experiments, the light collection system is the same as for PL, as well as the spectral and polarization-
resolved set-up. The EL(PL) circular polarization degree Pc was analyzed through a /4 wave plate 
and a linear analyzer. Pc is defined as Pc = (I
+ −I−)/(I++I−) where I+ and I− are the intensities of the right 
and left circularly polarized components of the EL/PL, respectively.  
 
3. CHARACTERIZATION OF THE COFEB/MGO/GAAS INTERFACE BY 
ELECTROLUMINESCENCE AT ZERO MAGNETIC FIELD 
 
  
The inset of Fig. 1(b) shows a typical polarization-resolved EL spectrum at 15 K and at zero magnetic 
field after the CoFeB electrode has been magnetized up to saturation along the z growth axis. 
Remarkably, the ensemble of quantum dot emission shows a significant circular polarization of Pc = 
18 % when a DC current of magnitude 160 μA is applied. Thanks to the p-doping of the dots (one hole 
per dot in average), the emitting quasi-particles are positively charged excitons (trions X+), constituted 
by two valence holes and one conduction electron, which are circularly polarized, contrary to neutral 
excitons that are linearly polarized (due to the shape anisotropy of the quantum dots) [37], [39], [40]. 
The resulting optical selection rules are quite straightforward: Pc is equal in first approximation to the 
electron's spin polarization Ps (Ps= (n
- - n+)/(n- + n+), where n- and n+ are respectively the number of 
  
 
 
 
 
electrons with spin down and up in the ensemble of quantum dots, provided that the electron spin 
relaxation time within the trion is longer than the electron lifetime (which is already validated for 
InGaAs p-doped quantum dots [37]). Long electron spin relaxation time (a few ns) in p-doped quantum 
dots [37] is due to the fact that the exchange interactions between the electron and the two holes with 
opposite spin cancel each other within the trion quasi-particle. Figure 1. (b) displays the EL circular 
polarization at 15 K as a function of the external magnetic field at a fixed bias of V = 2.2 V (I = 80 
μA). The EL polarization follows the CoFeB magnetic hysteresis cycle. Remarkably we find Pc ~20% 
at B=0. The ultrathin CoFeB layer presents a perpendicular magnetic anisotropy due to the interfacial 
anisotropy at the CoFeB/MgO interface [38], that is responsible for this PMA hysteresis. Note that the 
magnetic circular dichroism (MCD) is below 1% for this type of injector [18].  
 
 
In Fig. 1 (b) small circular polarization dips are observed when magnetic field is closed to B = 0T. In 
the 0-100 mT range, this may be due to the electron spin relaxation induced by the hyperfine 
interaction between the nuclear spins and the electron spin localized in the dot [41]. In this picture, 
this spin relaxation mechanism is quenched when the external magnetic field is applied from 0 to about 
100 mT  [37], leading to an increase of Pc. For magnetic fields larger than 100mT, we observe a slight 
increase of Pc. This can result from the possible circularization of the neutral exciton eigenstates [40] 
(the broad luminescence may include a (small) fraction of neutral excitons X recombination, in 
addition to the X+ trions component). Magnetic domains alignment in the magnetic layers close to the 
interface may also play a role in the slight Pc increase measured in the 0.2 – 1 Tesla range. The precise 
physical origin of the shape of the polarization hysteresis loop will require further investigations. 
However the observation of an EL circular polarization of about 20% at B=0T is a clear manifestation 
of a very efficient electrical spin injection without external magnetic field, and proves the very high 
quality of the CoFeB/MgO/GaAs interface. 
 
 
  
 
 
 
 
 
4. HELICITY DEPENDENT PHOTOCURRENT 
 
     We then turn to photocurrent experiments under circularly polarized light. The ensemble of 
quantum dots is excited by a laser diode at 910 nm (corresponding to high energy InGaAs dots 
emission/absorption) and 850 nm (close to the wetting layer states energy) with comparable results. 
Thanks to our specific set-up, it is possible to detect the photoluminescence signal at the same time as 
the photocurrent detection. Fig. 2 (a) displays both the photocurrent and PL signals as a function of 
the applied bias on the device. As expected, the two signals are complementary. When a positive bias 
is applied to the structure, such that the p-i-n junction is working under forward bias (but below the 
bias threshold required for the appearance of EL signal), the photocurrent intensity is decreasing while 
by correlation the PL signal is increasing. This is due to the fact that the bands are getting flatter when 
the bias increases [21]. On the contrary, for negative bias, the bending of the bands increases in the 
intrinsic region of the structure, and the extraction of carriers out of the active region by tunnel effect 
is more efficient due to the strong electric field, leading to an increase of the photocurrent signal. In 
the same time, the PL signal decreases due to this escape of carriers out of the dots, that constitutes an 
efficient non-radiative channel.  
      
    We define an asymmetry factor A= ∆Iph /Iph (where Iph is the average photocurrent) to quantify the 
helicity dependent photocurrent. In Fig. 2 (d), at V=+0.4 V, one can observe that the asymmetry factor 
A is about 0.4% at zero magnetic field and T= 30K after the CoFeB layer has been magnetized at 
saturation along the z growth axis. Moreover, the factor A follows the hysteresis cycle of the ultrathin 
CoFeB magnetic layer. The observed coercitive field of about 100mT is comparable to the one 
 
 
 
Fig 1. (a) Spin Light-Emitting-Diode device that can be operated either in LED mode when supplied by a 
voltage generator or in the photocurrent mode when excited by a circularly polarized laser. (b) EL circular 
polarization as a function of external magnetic field. T= 15 K. I= 80 µA  (red squares). Inset. Left axis: 
electroluminescence spectra of the ensemble of quantum dots. σ+ and σ – are the right and left components 
(respectively). B=0T. T= 15K. Right axis: Corresponding circular polarization Pc. 
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measured by EL in Fig. 1 (b).  Remarkably, the helicity-dependent photocurrent can be modified by 
applying an external bias (Fig. 2. (b)). Note that this bias dependence of A allows us to rule out a 
possible artefact due to magnetic circular dichroism (a flat background independent of the applied bias 
that may be due to a small MCD has been properly subtracted). It appears that A increases with the 
applied bias, in the forward regime for the p-i-n junction (in the flat band regime slightly before EL 
emission starts). We can see in Fig. 1 (a) that the bias range (symbolized by vertical blue dashed lines) 
for which A is maximum corresponds to a relatively weak photocurrent amplitude and a large PL 
intensity. In this regime, radiative recombination in the quantum dots constitutes a strongly competing 
channel to photocurrent extraction.  
    Two main reasons could explain the large increase of A under forward bias.  First, a channel 
competing with respect to the extraction of carriers from the dots (or localized states in the wetting 
layer) towards the magnetic electrode is required to obtain a sizeable photocurrent contrast [30], [36]. 
Indeed in the absence of any competing channel (PL, interface recombination …), CW excitation 
would lead to helicity-dependent spin-accumulation at the interface with the MgO barrier but, 
however, zero contrast of photocurrent. In our case, the radiative recombination channel in the dots 
could constitute a competing channel that becomes more efficient under forward bias, and would lead 
to a larger value of the photocurrent asymmetry. 
 
 
Fig. 2. (a) Photocurrent (red squares, left axis) and Photoluminescence signals (open black circles, right axis) as a function of bias. 
laser = 850 nm. The vertical blue dashed lines indicate the bias window for which A (displayed in Fig. 2 (b)) is maximal. (b) 
Photocurrent helicity asymmetry A (red circles) as a function of applied bias at zero external magnetic field. laser = 850 nm. 
T=30K. (c) Circular polarization of the Photoluminescence (red circles) as a function of the bias. laser = 850 nm. T=10K. B=0T. 
Inset:  I+ (black line) and I- (red line) components of the luminescence for V=1V and -0.7V. (d) Photocurrent helicity asymmetry 
A (red squares) as a function of the external magnetic field.. laser = 910 nm, V= + 0.4V, T= 30 K.. (e) Photocurrent helicity 
asymmetry A (red squares, left axis) as a function temperature at fixed bias. V= + 0.4 V, B =0 T, laser = 850 nm. EL circular 
polarization (open blue squares, right axis) as function of temperature. V= 2.0 V, I=54µA, B =0T. PL circular polarization (yellow 
triangles, right axis).  laser = 850 nm, V= 0 V, B=0T. 
 
  
 
 
 
 
  The second possible reason is that the electron spin relaxation in the dots could depend on the applied 
bias. Some insight about this dependence can be obtained by polarization-resolved PL experiments 
under bias (Fig. 2 (c)). As expected, the spectra at -0.7V is red-shifted compared to the one at +1V, 
due to quantum confined Stark effect [42]. The spectrum observed at -0.7V is less broad at high energy, 
because of the easiest escape out of the dots of electrons by tunneling effect from high energy quantum 
dots under reverse bias. The PL circular polarization of the ensemble of dots (integrated on the whole 
spectrum) increases strongly from about 4% to about 18 % when the bias varies from -0.6V to +0.6V. 
We believe that this can be explained by the bias-induced change of trion/exciton population ratio 
within the ensemble of dots.  Indeed a positive bias favors the presence of one resident hole in the dot, 
and thus the photogeneration of trions (which are circularly-polarized) instead of neutral excitons 
(whose eigenstates are linearly-polarized). The corresponding change in the trion/exciton population 
ratio yields an increase of the PL circular polarization.  This polarization increase will also contribute 
to the larger value of the photocurrent asymmetry obtained at positive bias (Fig. 2(b)). 
 
     Finally, we have also studied the dependence of the helicity dependent photocurrent A= ∆Iph /Iph   
as a function temperature (Fig. 2 (e)). A clear drop is observed when the temperature varies from 30 
to 90 K. Above 90K, the signal disappears. The trend is the same for the EL circular polarization and 
the PL circular polarization (Fig. 2 (e)). This behavior is probably due to a phonon induced spin 
relaxation mechanism, clearly evidenced in InAs/GaAs quantum dots [43], [44].  Note that this 
temperature dependence also allows us to rule out artificial effect coming from MCD.  
 
5. CONCLUSION 
  Thanks to the use of an ultrathin magnetic layer of CoFeB that presents perpendicular magnetic 
anisotropy, and p-doped InAs/GaAs quantum dots, we have evidenced at zero external magnetic field 
an asymmetry of photocurrent under right and left polarized light that follows the hysteresis cycle of 
the magnetic electrode. The amplitude of this asymmetry at zero magnetic field is about 0.4 % at low 
temperature, and can be controlled by the bias.  It paves the way for versatile devices operating at zero 
magnetic field with two functionalities (helicity dependent photodetector and circularly polarized light 
source). Note that the use of an ultrathin CoFeB electrode of a few atomic layers is a strong advantage 
compared to thicker stacks [32], [45], [46] which provide the required perpendicular magnetic 
anisotropy, because it minimizes the light absorption in the magnetic layer. This is a crucial point for 
the realization of sensitive photodetectors. 
 
 
 
 
  
 
 
 
 
 
 
ACKNOWLEDGMENTS 
We thank M. Hehn for help to develop the growth of ultrathin CoFeB layer by sputtering. F.C, P.R. 
and H.C acknowledge the Grant NEXT No. ANR-10-LABX-0037 in the framework of the 
“Programme des Investissements d’Avenir.”. This work was also supported by the joint French 
National Research Agency (ANR)-National Natural Science Foundation of China (NSFC) SISTER 
project (Grants No. ANR-11-IS10-0001 and No. NNSFC 61161130527) and ENSEMBLE project 
(Grants No. ANR-14-0028-01 and No. NNSFC 61411136001), and by the grant NEXT No ANR-10-
LABX-0037 in the framework of the Programme des Investissements d’Avenir. Experiments were 
performed using equipment from the platform TUBEDavm funded by FEDER (EU), ANR, the Region 
Lorraine and Grand Nancy. X.M acknowledges the Institut Universitaire de France. 
 
 
REFERENCES 
 
[1] R. Fiederling et al., « Injection and detection of a spin-polarized current in a light-emitting diode », Nature, vol. 
402, no 6763, p. 787‑790, déc. 1999, doi: 10.1038/45502. 
[2] Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, et D. D. Awschalom, « Electrical spin injection in a 
ferromagnetic semiconductor heterostructure », Nature, vol. 402, no 6763, p. 790‑792, déc. 1999, doi: 
10.1038/45509. 
[3] M. Lindemann et al., « Ultrafast spin-lasers », Nature, vol. 568, no 7751, p. 212‑215, avr. 2019, doi: 
10.1038/s41586-019-1073-y. 
[4] W. Löffler et al., « Electrical spin injection from ZnMnSe into InGaAs quantum wells and quantum dots », Appl. 
Phys. Lett., vol. 88, no 6, p. 062105, févr. 2006, doi: 10.1063/1.2172221. 
[5] C. H. Li et al., « Electrical spin pumping of quantum dots at room temperature », Appl. Phys. Lett., vol. 86, no 13, p. 
132503, mars 2005, doi: 10.1063/1.1890469. 
[6] G. Itskos et al., « Oblique Hanle measurements of InAs∕GaAs quantum dot spin-light emitting diodes », Appl. Phys. 
Lett., vol. 88, no 2, p. 022113, janv. 2006, doi: 10.1063/1.2163074. 
[7] L. Lombez et al., « Electrical spin injection into p-doped quantum dots through a tunnel barrier », Appl. Phys. Lett., 
vol. 90, no 8, p. 081111, févr. 2007, doi: 10.1063/1.2709889. 
[8] W. Löffler, M. Hetterich, C. Mauser, S. Li, T. Passow, et H. Kalt, « Parallel preparation of highly spin-polarized 
electrons in single InAs∕GaAs quantum dots », Appl. Phys. Lett., vol. 90, no 23, p. 232105, juin 2007, doi: 
10.1063/1.2746405. 
[9] P. Asshoff et al., « Nuclear spin polarization in single self-assembled In 0.3 Ga 0.7 As quantum dots by electrical 
spin injection », Phys. Rev. B, vol. 84, no 12, p. 125302, sept. 2011, doi: 10.1103/PhysRevB.84.125302. 
[10] F. Cadiz et al., « Electrical Initialization of Electron and Nuclear Spins in a Single Quantum Dot at Zero Magnetic 
Field », Nano Lett., vol. 18, no 4, p. 2381‑2386, avr. 2018, doi: 10.1021/acs.nanolett.7b05351. 
[11] F. Henneberger et O. Benson, Éd., Semiconductor quantum bits. Singapore: Pan Stanford Publ., World Scientific, 
2009. 
[12] R. M. Stevenson, R. J. Young, P. Atkinson, K. Cooper, D. A. Ritchie, et A. J. Shields, « A semiconductor source of 
triggered entangled photon pairs », Nature, vol. 439, no 7073, p. 179‑182, janv. 2006, doi: 10.1038/nature04446. 
  
 
 
 
 
[13] A. T. Hanbicki et al., « Analysis of the transport process providing spin injection through an Fe/AlGaAs Schottky 
barrier », Appl. Phys. Lett., vol. 82, no 23, p. 4092‑4094, juin 2003, doi: 10.1063/1.1580631. 
[14] J. Strand et al., « Electron spin dynamics and hyperfine interactions in Fe ∕ Al 0.1 Ga 0.9 As ∕ Ga As spin injection 
heterostructures », Phys. Rev. B, vol. 72, no 15, p. 155308, oct. 2005, doi: 10.1103/PhysRevB.72.155308. 
[15] X. Jiang et al., « Highly Spin-Polarized Room-Temperature Tunnel Injector for Semiconductor Spintronics using 
MgO(100) », Phys. Rev. Lett., vol. 94, no 5, p. 056601, févr. 2005, doi: 10.1103/PhysRevLett.94.056601. 
[16] Y. Lu et al., « MgO thickness dependence of spin injection efficiency in spin-light emitting diodes », Appl. Phys. 
Lett., vol. 93, no 15, p. 152102, oct. 2008, doi: 10.1063/1.2999631. 
[17] V. G. Truong et al., « High speed pulsed electrical spin injection in spin-light emitting diode », Appl. Phys. Lett., 
vol. 94, no 14, p. 141109, avr. 2009, doi: 10.1063/1.3110990. 
[18] S. H. Liang et al., « Large and robust electrical spin injection into GaAs at zero magnetic field using an ultrathin 
CoFeB/MgO injector », Phys. Rev. B, vol. 90, no 8, p. 085310, août 2014, doi: 10.1103/PhysRevB.90.085310. 
[19] P. Barate et al., « Electrical spin injection into InGaAs/GaAs quantum wells: A comparison between MgO tunnel 
barriers grown by sputtering and molecular beam epitaxy methods », Appl. Phys. Lett., vol. 105, no 1, p. 012404, 
juill. 2014, doi: 10.1063/1.4887347. 
[20] B. S. Tao et al., « Electrical spin injection into GaAs based light emitting diodes using perpendicular magnetic 
tunnel junction-type spin injector », Appl. Phys. Lett., vol. 108, no 15, p. 152404, avr. 2016, doi: 10.1063/1.4945768. 
[21] P. Barate et al., « Bias Dependence of the Electrical Spin Injection into GaAs from Co − Fe − B / MgO Injectors 
with Different MgO Growth Processes », Phys. Rev. Appl., vol. 8, no 5, p. 054027, nov. 2017, doi: 
10.1103/PhysRevApplied.8.054027. 
[22] B. Tao et al., « Atomic-scale understanding of high thermal stability of the Mo/CoFeB/MgO spin injector for spin-
injection in remanence », Nanoscale, vol. 10, no 21, p. 10213‑10220, 2018, doi: 10.1039/C8NR02250J. 
[23] G. Schmidt, D. Ferrand, L. W. Molenkamp, A. T. Filip, et B. J. van Wees, « Fundamental obstacle for electrical spin 
injection from a ferromagnetic metal into a diffusive semiconductor », Phys. Rev. B, vol. 62, no 8, p. R4790‑R4793, 
août 2000, doi: 10.1103/PhysRevB.62.R4790. 
[24] A. Fert et H. Jaffrès, « Conditions for efficient spin injection from a ferromagnetic metal into a semiconductor », 
Phys. Rev. B, vol. 64, no 18, p. 184420, oct. 2001, doi: 10.1103/PhysRevB.64.184420. 
[25] R. Farshchi, M. Ramsteiner, J. Herfort, A. Tahraoui, et H. T. Grahn, « Optical communication of spin information 
between light emitting diodes », Appl. Phys. Lett., vol. 98, no 16, p. 162508, avr. 2011, doi: 10.1063/1.3582917. 
[26] A. Hirohata, Y. B. Xu, C. M. Guertler, et J. A. C. Bland, « Spin-dependent electron transport in NiFe/GaAs 
Schottky barrier structures », J. Appl. Phys., vol. 87, no 9, p. 4670‑4672, mai 2000, doi: 10.1063/1.373125. 
[27] T. Taniyama, G. Wastlbauer, A. Ionescu, M. Tselepi, et J. A. C. Bland, « Spin-selective transport through F e / A l 
O x / GaAs ( 100 ) interfaces under optical spin orientation », Phys. Rev. B, vol. 68, no 13, p. 134430, oct. 2003, doi: 
10.1103/PhysRevB.68.134430. 
[28] C. Rinaldi et al., « Ge-Based Spin-Photodiodes for Room-Temperature Integrated Detection of Photon Helicity », 
Adv. Mater., vol. 24, no 22, p. 3037‑3041, juin 2012, doi: 10.1002/adma.201104256. 
[29] A. Djeffal et al., « Co - Fe - B / Mg O / Ge Spin Photodiode Operating at Telecommunication Wavelength with 
Zero Applied Magnetic Field », Phys. Rev. Appl., vol. 10, no 4, p. 044049, oct. 2018, doi: 
10.1103/PhysRevApplied.10.044049. 
[30] P. Renucci et al., « Spin-polarized electroluminescence and spin-dependent photocurrent in hybrid 
semiconductor/ferromagnetic heterostructures: An asymmetric problem », Phys. Rev. B, vol. 82, no 19, p. 195317, 
nov. 2010, doi: 10.1103/PhysRevB.82.195317. 
[31] F. Meier et B. P. Zakharcheni͡ a, Optical orientation. Amsterdam; New York: North-Holland, 1984. 
[32] S. Hövel et al., « Electrical detection of photoinduced spins both at room temperature and in remanence », Appl. 
Phys. Lett., vol. 92, no 24, p. 242102, juin 2008, doi: 10.1063/1.2948856. 
[33] R. C. Roca, N. Nishizawa, K. Nishibayashi, et H. Munekata, « Investigation of helicity-dependent photocurrent at 
room temperature from a Fe/x-AlO  x  /p-GaAs Schottky junction with oblique surface illumination », Jpn. J. Appl. 
Phys., vol. 56, no 4S, p. 04CN05, avr. 2017, doi: 10.7567/JJAP.56.04CN05. 
[34] L. Zhu et al., « Angular Dependence of the Spin Photocurrent in a Co − Fe − B / MgO / n − i − p GaAs Quantum-
Well Structure », Phys. Rev. Appl., vol. 8, no 6, p. 064022, déc. 2017, doi: 10.1103/PhysRevApplied.8.064022. 
[35] X. Xue et al., « Comparison of spin photocurrent in devices based on in-plane or out-of-plane magnetized CoFeB 
spin detectors », Phys. Rev. B, vol. 100, no 4, p. 045417, juill. 2019, doi: 10.1103/PhysRevB.100.045417. 
  
 
 
 
 
[36] A. F. Isakovic, D. M. Carr, J. Strand, B. D. Schultz, C. J. Palmstrøm, et P. A. Crowell, « Optically pumped transport 
in ferromagnet-semiconductor Schottky diodes (invited) », J. Appl. Phys., vol. 91, no 10, p. 7261, 2002, doi: 
10.1063/1.1455606. 
[37] P.-F. Braun et al., « Direct Observation of the Electron Spin Relaxation Induced by Nuclei in Quantum Dots », 
Phys. Rev. Lett., vol. 94, no 11, p. 116601, mars 2005, doi: 10.1103/PhysRevLett.94.116601. 
[38] S. Ikeda et al., « A perpendicular-anisotropy CoFeB–MgO magnetic tunnel junction », Nat. Mater., vol. 9, no 9, p. 
721‑724, sept. 2010, doi: 10.1038/nmat2804. 
[39] M. Bayer et al., « Electron and Hole g Factors and Exchange Interaction from Studies of the Exciton Fine Structure 
in In 0.60 Ga 0.40 As Quantum Dots », Phys. Rev. Lett., vol. 82, no 8, p. 1748‑1751, févr. 1999, doi: 
10.1103/PhysRevLett.82.1748. 
[40] M. Paillard, X. Marie, P. Renucci, T. Amand, A. Jbeli, et J. M. Gérard, « Spin Relaxation Quenching in 
Semiconductor Quantum Dots », Phys. Rev. Lett., vol. 86, no 8, p. 1634‑1637, févr. 2001, doi: 
10.1103/PhysRevLett.86.1634. 
[41] I. A. Merkulov, Al. L. Efros, et M. Rosen, « Electron spin relaxation by nuclei in semiconductor quantum dots », 
Phys. Rev. B, vol. 65, no 20, p. 205309, avr. 2002, doi: 10.1103/PhysRevB.65.205309. 
[42] A. J. Bennett et al., « Giant Stark effect in the emission of single semiconductor quantum dots », Appl. Phys. Lett., 
vol. 97, no 3, p. 031104, juill. 2010, doi: 10.1063/1.3460912. 
[43] A. Tackeuchi et al., « Spin relaxation dynamics in highly uniform InAs quantum dots », Appl. Phys. Lett., vol. 84, 
no 18, p. 3576‑3578, mai 2004, doi: 10.1063/1.1737068. 
[44] S. Marcinkevičius, J. Siegert, et Q. X. Zhao, « Carrier spin dynamics in modulation-doped InAs∕GaAs quantum 
dots », J. Appl. Phys., vol. 100, no 5, p. 054310, sept. 2006, doi: 10.1063/1.2337776. 
[45] L. Grenet et al., « Spin injection in silicon at zero magnetic field », Appl. Phys. Lett., vol. 94, no 3, p. 032502, janv. 
2009, doi: 10.1063/1.3064135. 
[46] J. Zarpellon et al., « Spin injection at remanence into III-V spin light-emitting diodes using (Co/Pt) ferromagnetic 
injectors », Phys. Rev. B, vol. 86, no 20, p. 205314, nov. 2012, doi: 10.1103/PhysRevB.86.205314. 
 
 
